1. Introduction {#sec1}
===============

Microplastics (plastic particles \<5 mm) have become a worldwide environmental concern due to their wide distribution and their potential ecological risks ([@bib29]; [@bib35]). Both marine and freshwater ecosystems are considered to be important sinks of microplastics ([@bib3]; [@bib46]). Aquatic organisms including zooplanktons, benthic macroinvertebrates, fishes, and even marine mammals have been demonstrated to have microplastics detected in their digestive tracts ([@bib2]; [@bib19]; [@bib25]; [@bib28]). Microplastic exposure can have physiological, behavioral, growth, reproductive, and genetic impacts on aquatic organisms ([@bib1]; [@bib13]). Direct physical damage from microplastics and adverse effects from hazardous substances released from them might be responsible for the toxicity of microplastics ([@bib1]; [@bib22]; [@bib27]). This implies that residence time in organisms as well as the features of microplastics are related to their toxic effects. However, factors affecting the ingestion and retention of microplastics in organisms are still poorly understood.

Ingestion of microplastics by fish can be affected by their feeding habits. Filter-feeding fish can ingest microplastics during filtration ([@bib10]) while trophic transfer and initiative predation are both potential pathways for microplastics to enter predators and opportunistic feeders ([@bib9]; [@bib14]; [@bib27]; [@bib32]). In finless porpoise, unintentional ingestion of microplastics has been speculated as the avenue for microplastics found in neonatal porpoise ([@bib44]). Previous work has also considered the egestion of microplastics via feces by variety of organisms, which could affect not only the fate and distribution of microplastics but also their toxic effects on organisms ([@bib2]; [@bib7]; [@bib14]; [@bib15]; [@bib21]; [@bib32]).

Ingestion and egestion of microplastics by aquatic organism have been investigated in many laboratory experiments ([@bib4]; [@bib27]). However, compared to the diversity of microplastics in the environment, microplastics used in these studies are often simple and even hardly found in the environment. Polystyrene (PS) microbeads are the most commonly used microplastics in ecotoxicological studies ([@bib1]) but PS microbeads are rarely detected in the environment ([@bib46]). Microplastics in the environment are more diverse in shape, color, size, and type ([@bib3]), and all these features might affect their ingestion and egestion by organisms ([@bib14]; [@bib24]; [@bib32]). Selective feeding for different colors of microplastics has been observed previously in fish and other organisms ([@bib8]; [@bib33], [@bib32]; [@bib37]). However, more studies are needed to reveal the influence of microplastics with different shapes, sizes, and colors on their ingestion and egestion by fish.

In this study, goldfish (*Carassius auratus*) was used as model organism to assess the ingestion and egestion of microplastics with environmental features. Polyethylene (PE) microplastics of different sizes, colors, and shapes were used to evaluate their ingestion by goldfish. The effects of shapes and food for the egestion of microplastics were also evaluated to assess whether the egestion processes of microplastics are related to any of these features.

2. Methods {#sec2}
==========

2.1. Materials {#sec2.1}
--------------

Polyethylene (PE) plastic is one of the most frequently detected plastic types in the environment and can be found with different sizes, colors, and shapes ([@bib46]). So, PE raw plastic materials, including plastic sheet, cling film, and fishing line bought from local retail stores, were used in this study. The plastic sheets used in this work had different colors (green, blue, red, black, and white). Raw plastic materials were ground or cut into microplastic fragments, films, and filaments by an IKA (Staufen, Germany) A11 basic analytical mill with liquid nitrogen. Then, ground microplastics were sieved through stainless steel mesh of 3 mm, 2 mm, and 0.5 mm sizes to obtain microplastics of three different size categories (3--5 mm, 2--3 mm, and 0.5--2 mm). All these microplastics were stored in glass petri dishes before experiment.

Goldfish are a common, easily raised, and highly tolerant opportunist species. The experiments involving goldfish were approved by the Institutional Animal Care and Use Committee of the Institute of Hydrobiology, Chinses Academy of Sciences. Goldfish used in this study were bought from a local aquarium market and acclimated for two weeks prior to experiments. Commercial fish feed was also obtained from the aquarium market. The feed was brown and spherical with a diameter of about 1--3 mm. Goldfish were fed twice a day (morning and afternoon) with about 0.3 g of feed per fish.

2.2. Experimental design {#sec2.2}
------------------------

The experimental design of this study was presented in [Figure 1](#fig1){ref-type="fig"} and the details of each experiment was provided below.Figure 1The experimental design of this study: a) the ingestion of microplastics of different sizes with or without food; b) ingestion of microplastics of different colors; and c) Ingestion and egestion of microplastics of different shapes.Figure 1

### 2.2.1. Ingestion of microplastics of different sizes {#sec2.2.1}

Semitransparent plastic tanks with dimensions of 25 × 14 × 6 cm and volume of 2 L were used as the test vessels. Goldfish fasted for 48 h were used in the experiments. One fish was added to each tank with 1.5 L water and three tanks were performed for each treatment as replicates. White microplastic fragments in three size categories (0.5\~2mm, 2\~3mm, and \>3mm) were added at a concentration of 100 items/L with 0.3 g of feed or without food, respectively, which is close to the highest microplastic abundances in the environment reported in the effluents of wastewater treatment plants ([@bib26]). After added, the microplastic and feed particles were stirred softly with a glass rod. However, all microplastics were floating on the surface of the water as the feed due to the low density of PE (0.88--0.96 g/cm^3^). After 1 h of exposure, fish were taken out from tanks, washed carefully with filtered deionized water, and narcotized with tricaine mesylate (MS-222) anesthetic to prevent egestion of microplastics caused by the stress reaction. The digestive tract of each fish was sampled to determine the quantity of the ingested microplastics following the method introduced in 2.3. The water in each tank was also filtered onto a Whatman GF/C filter to determine the concentration of microplastics remaining in the water. A blank control without microplastics was also included.

### 2.2.2. Ingestion of microplastics of different colors {#sec2.2.2}

This experiment was carried out following similar procedures as described above with one goldfish in each tank and three tanks for each treatment as replicates. Only 0.5--2 mm fragments were used and added at a concentration of 100 items/L with 0.3 g fish feed. Fragments of five different colors (white, black, blue, red, and green) were tested separately in this experiment.

### 2.2.3. Ingestion and egestion of microplastics of different shapes {#sec2.2.3}

This experiment was carried out following similar procedures as color experiment with one fish in each tank except that the experimental treatments involved microplastics of different shapes (fragment, film, and filament). Fragments, film, and filament used in this experiment were white, transparent, and cyan, respectively, and all 0.5--2 mm. In each of the three treatments (fragment, film, filament), eighteen replicates of each treatment were carried out to meet the demand of the egestion experiment (see below).

After 1 h of exposure, fish in each shape treatment were taken out from tanks, washed with filtered deionized water, and each fish was transferred into a new separate tank without microplastics. All eighteen fish in from each shape treatment were assigned equally to two groups. One group was fasted while the other group was fed every morning and afternoon for 72 h. During the 72h egestion experiment, Fish were transferred to new tanks at 1 h, 2 h, 3 h, 6 h, 10 h, 24 h, 48 h, and 72 h. The water in the former tanks were filtered through a Whatman GF/C filter. Filters were collected to analyze egested microplastics. After 72 h, the experimental fish were taken out from tanks and dissected as described above to determine the quantity of microplastic remaining in their digestive tracts. No fish died during experiment.

2.3. Microplastic analysis {#sec2.3}
--------------------------

To determine microplastic ingestion, each fish was killed and dissected, and its digestive tract was transferred to a 100-mL glass beaker covered with aluminum foil. The digestive tracts were digested with 30 % hydrogen peroxide for 72 h at 60 °C。After digestion, the residue in each beaker was filtered onto a Whatman GF/C filter.

To determine microplastic egestion, the residues on the filter collected at each sampling time were rinsed with 30% hydrogen peroxide into a 100-mL glass beaker to digest the faeces and food. After 72 h of digestion, the residues in each beaker were filtered onto a new Whatman GF/C filter. The filters were transferred to glass petri dishes and air-dried. Microplastics on the filters were examined and counted using a Nikon stereomicroscope (Tokyo, Japan) under 20--40 × magnification.

2.4. Data analysis {#sec2.4}
------------------

Data for ingestion and egestion of microplastics by goldfish were obtained directly from visual observation of microplastics on the filter. However, for comparison of egestion of microplastics, egestion rates were calculated because the goldfish used in the egestion group may have ingested different numbers of microplastics in the ingestion experiment, which would make the direct comparisons of quantity meaningless. Egestion rate for the first egestion event (*v*~*f*~) and for the whole egestion process (*v*) were calculated according to Eqs. [(1) and (2)](#fd1){ref-type="disp-formula"}, respectively:$$v_{f} = \frac{n_{f}}{t_{f}}$$$$v = \frac{n}{t_{e}}$$where *n*~*f*~ was the number of microplastics found in the first time, *t*~*f*~ was the time of the sampling found firstly found microplastics egestion, *n* was the number of microplastics egested by each fish during the whole experiment time, and *t*~*e*~ was the time for all microplastics egested from the fish (if not all microplastics egested during the whole experiment, *t*~*e*~ = 72).

SPSS 20.0 was used for the statistical analyses. One-way analysis of variance (ANOVA) was used to test the differences among the ingestion of microplastics of different colors. The Least Significant Difference (LSD) method was used for the post hoc tests of different experimental groups. Nonparametric test, namely Kruskal-Wallis and Mann-Whitney post hoc test were applied to compare the differences of ingestion and egestion rates of microplastics in different shapes, since the data of these experiments did not follow the normal distribution. Finally, we conducted two-way ANOVA to test the effects of feeding condition and microplastic shape on egestion rates (*v*~*f*~ and *v*) of goldfish. The LSD method was also used for the *post hoc* tests of main effects for each treatment. A significance level of 0.05 was used in all tests.

3. Results {#sec3}
==========

3.1. Microplastic ingestion preferences of goldfish {#sec3.1}
---------------------------------------------------

In the size experiment, microplastic ingestion was only observed in the experimental group having microplastic fragments that were 0.5--2 mm and in the presence of food. No microplastics were found in the digestive tracts of fish in other treatments. We observed that microplastic fragments larger than 2 mm were ingested by the goldfish with food but then rejected (Video S1). Goldfish completely ignored white microplastic fragments in the absence of food (Video S2). The numbers of microplastics fragment ingested in this experiment were provided in Table S1. As a result, all subsequent ingestion experiments were carried out using 0.5--2mm microplastics with food present.

Supplementary content related to this article has been published online at [https://doi.org/10.1016/j.heliyon.2019.e03063](10.1016/j.heliyon.2019.e03063){#intref0010}.

The following are the supplementary data related to this article:Videos1Microplastics ingestion process of goldfish when food was present.Videos2Microplastics ingestion process of goldfish in the absence of food.

Color preferences for ingested microplastics were also observed ([Figure 2](#fig2){ref-type="fig"}). As indicated by the result of one-way ANOVA, significant differences were detected for ingestion of microplastics in different color treatments (F (4, 10) = 5.974, p = 0.010). Abundances of green and black microplastics in the digestive tracts of goldfish were significantly higher than that of other colors (p \< 0.05). The detailed results of the One-way ANOVA and the LSD test are presented in Supplementary Information.Figure 2Microplastic abundances in the digestive tracts of goldfish in different color groups (the bars and error bars are mean values and standard deviations, respectively. n = 3). The bars with different letters are significantly different (p \< 0.05).Figure 2

The result of independent samples nonparametric test also indicated that there were also significant different for the ingestion of microplastics of different shapes (H = 18.586, p \< 0.001). Microplastic film was the most readily ingested shape as indicated by the highest abundances in the digestive tract of goldfish ([Figure 3](#fig3){ref-type="fig"}). Meanwhile, there was no significant difference in ingestion between fragments and filaments. The detailed results of the independent samples nonparametric test are presented in Supplementary Information.Figure 3Microplastic abundances in the digestive tracts of goldfish in different shape groups (the bars and error bars are mean values and standard deviations, respectively. n = 18). The bars with different letters are significant different (p \< 0.05).Figure 3

3.2. Egestion of microplastics by goldfish {#sec3.2}
------------------------------------------

All shapes of microplastics ingested by the goldfish could be egested. Microplastic fragments were thoroughly egested from all fish after 72 h, while microplastics remained in the digestive tracts for 2, 4, and 3 out of 9 fish in the no-feeding film group, no-feeding filament group, and feeding filament group, respectively (Table S2 -- S4). Food availability appeared to reduce film and filament residues in fish after 72 h.

Two-way ANOVA showed that shape had a significant main effect on both *v* and *v*~*f*~, while the main effect of food presence and its interaction with shape were not significant ([Table 1](#tbl1){ref-type="table"}, [Figure 4](#fig4){ref-type="fig"}). Pairwise tests indicated that the *v*~*f*~ was significantly higher for fragments than for film and filament (p \< 0.05, [Table 1](#tbl1){ref-type="table"}, Table S10), while the *v* was significantly higher for film relative to filament (p \< 0.05, [Table 1](#tbl1){ref-type="table"}, Table S12).Table 1Summary of tests of the Two-way ANOVA of the effects of feeding × shape on egestion rates of microplastics (*v*~*f*~ and *v*). Values which do not differ at the 0.05 level in LSD tests are joined by an underline. P-values \< 0.05 are bolded.Table 1Partial η^2^Fp-valueTreatment (post hoc test)*v*~*f*~Food0.0442.0520.159 (NS)Shape0.2236.446**0.003**Fragment^a^; film^b^; filament^b^Food \* shape0.0180.4190.660 (NS)*v*Food\<0.0010.0050.942 (NS)Shape0.1714.654**0.015**Film^a^; fragment ^ab^; filament^b^Food \* shape0.0090.2010.819 (NS)[^1][^2]Figure 4The egestion rates of different shapes of microplastics for goldfish in different treatments. a) *v*~*f*~; b) *v.* The bars and error bars are mean values and standard deviations, respectively. n = 9. The detail of statistics was presented in Supplementary Information.Figure 4

4. Discussion {#sec4}
=============

4.1. Influence of microplastic features on ingestion {#sec4.1}
----------------------------------------------------

In this study, the presence of food affected the ingestion of white microplastics by goldfish. This result implies ingestion of microplastics by goldfish involves co-capture with food, which has also been found in experiments with the medusa fish *Seriolella violacea* ([@bib32]). Co-capture is also considered to be involved in microplastic ingestion by some large aquatic mammals ([@bib28]). Raw white microplastics may not attract the fish to catch them without flavor components and color that are of interest to goldfish. However, in the presence of food, microplastics might enter the mouth of fish if they are close to food pellets in the water. Study of sea birds indicates that plastic particles with algae living on the surface can release infochemicals to entice the sea birds to eat them directly ([@bib6]). Odor has also been established for goldfish as involved in finding food ([@bib16]; [@bib36]; [@bib39]). However, the short duration of the experiment prevents the formation of biofilms on the microplastics in this study. The effect of attached biofilms on the ingestion of microplastics by fish requires further studies.

More green and black microplastics ingested implies that co-capture may not be the only factor involved in microplastic ingestion and suggests that the goldfish visual system also plays a role. Goldfish have an acute visual system ([@bib45]). Despite many previous research on color perception by goldfish ([@bib30]; [@bib31]), there are no relevant studies of goldfish evaluating its color preference for food. However, study of rainbow trout indicates that fish often prefer food in particular colors while study of zebrafish indicates that this kind of color preference can be found and trained when plastic strips are used as simulative food ([@bib12]; [@bib38]). The food used in this study was dark brown and, under natural conditions, the food of goldfish includes plants (green) and insects (dark in color) ([@bib23]). This suggests that goldfish may mistake microplastics with similar colors as food. In laboratory experiments, [@bib32] found a preference for black microplastics in *Seriolella violacea,* a marine planktivore. A study on *Pomatoschistus microp*s also found a preference for microplastics with colors similar to its prey ([@bib8]). In a field study, preferences for colored microplastics similar to prey of *Decapterus muroadsi* have also been documented ([@bib33]). ([@bib37]) have also found that sea turtles which perceive floating plastic from below preferentially ingest dark plastic fragments.

The developed gustatory abilities of fish could help them segregate edible from inedible items after oral intake ([@bib20]). However, given the size and shape selectivity shown in this study, sensation of foreign materials might also play a role during the ingestion of microplastics by goldfish. Compared to large plastic debris, small microplastics are more easily ingested ([@bib42]). The goldfish used in this study could eat food pellets with diameter from 1 to 3 mm. This means that most microplastics used in this work could easily pass the mouth of goldfish and indeed co-capture was observed for larger microplastics during the experiment. However, after being captured, the goldfish expelled large microplastic particles after chewing (Video S1). This implies that microplastic size could affect ability of the fish to sense them during ingestion and chewing, making smaller microplastics more readily swallowed. Indeed, fish are sensitive to hard materials during swallowing ([@bib18]). Previous study of juvenile striped killifish (*Fundulus majalis*), tomcods (*Microgadus tomcod*), and juvenile centrolophidae (*Seriolella violacea*) have all shown expulsion of millimeter-sized foreign materials including microplastics ([@bib5]; [@bib32]). Our results indicate that particle size is one factor affecting the likelihood of rejection of plastics that have been taken into the mouth.

The shape of microplastics could also affect swallowing. Although all microplastics used in this study are made from PE, their different shapes may make them be sensed by goldfish differently. Films are the thinnest among the shapes and easy to deform, which may make them difficult to be sensed when goldfish swallow. Microplastics in natural waters are diverse in not only polymer type but also shapes ([@bib19]; [@bib46]). Our results suggest that soft and easily deformed types of microplastics such as films might be more likely to be swallowed by fish.

4.2. Egestion of microplastics {#sec4.2}
------------------------------

The egestion times of microplastics in this study are comparable to clearance times of plastic particles for fish reported in previous studies (from 33 h to 10 days) ([@bib11]; [@bib14]; [@bib17]; [@bib32]) and are substantially longer than the time required by fish to digest and egest food pellets (2 d maximum). This implies that microplastic particles may be retained longer in the digestive tract than food and thus have more time to interact with the digestive system. This is important because microplastics can transport organic pollutants to the organisms after being ingested ([@bib22]; [@bib40]; [@bib41]). Longer retention time implies a higher risk of such release. However, microplastics in natural waters are diverse and their capacity for adsorption and release of organic pollutants can vary widely ([@bib43]). Thus, the differences of ingestion and egestion for the diversity of microplastics used in our study may lead to different ecological risks.

The higher *v*~*f*~ of microplastic fragments than those of films and filaments and higher *v* of microplastic films than that of filaments in this study implies that, among these three tested shapes, filament microplastics move most slowly in the intestinal tract of goldfish. The microplastic filaments used in this study are slenderer than the other two shapes, which may make them more easily trapped in the convoluted intestinal tract. This implies that some shapes of microplastics may be more likely to be retained in the intestinal tract of fish. Aggregations of organic particles of slender and thin microplastics such as microfibers are common in the environment and affect the fate and bioavailability of microfibers ([@bib34]; [@bib47]). The aggregation process may also happen in the intestinal tract of the goldfish with abundant organic particles, which may in turn affect the egestion of microplastic filaments.

Though the presence of food dose not appear to influence the egestion rates of microplastics by goldfish, it still appears to reduce the residues of some shapes of microplastics in fish after 72 h. This implies that the presence of food may influence the egestion of microplastics to a certain extent. [@bib14] found a similar retention of microplastics and food in goldfish, which implied that microplastics could be egested with food. However, they fed the fish with microplastics packed within the food. This likely made the microplastics more easily co-egested with the food than in our study, in which food and microplastics are separate. Egestion of microplastics is thought to have an important influence on the fate of microplastics in the water column, since they are easy to deposit to the sediment if packed with the organism\'s feces ([@bib4]; [@bib21]). It is also important to know if the absence of food will result in a longer exposure of microplastics in the digestive tract, which might enhance the effect of exposure. The incomplete agreement between our study and previous work suggests that more studies about food-related effects on microplastic egestion are needed, especially for different food and microplastic exposure patterns.

5. Conclusions {#sec5}
==============

Our results indicate that the ingestion of microplastics by goldfish involves co-capture with food, especially for white microplastics, which are only ingested in the presence of food in this study. Furthermore, microplastics with food-like colors could be ingested more than microplastics with other colors by goldfish. The size of microplastic particles also affects their ingestion as they must be small enough to pass through the mouth and to not be recognized during swallowing. Microplastics films were more likely to be ingested than fragments and filaments. Shape also affected egestion rate of microplastics. Our results indicate that the diverse types of microplastics in the environment, which differ in shape, color, and size, have different likelihood of ingestion by fish and have different retention in the digestive tract of fish. This implies that different types of microplastics have different ecological risks. Future research on the ecological and physiological impacts of microplastics should consider the physical characteristics of the microplastics themselves as these appear to significantly modulate how they are encountered and processed by biota.
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[^1]: NS, not significant.

[^2]: ^a^ and ^b^ in the table present the significant differences (p \< 0.05) between different groups.
